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Increasing interest towards the observation of the highest energy cosmic rays has motivated the development 
of new detection techniques. The properties of the Cherenkov photon pulse emitted in the atmosphere by these 
very rare particles indicate low-cost semiconductor detectors as good candidates for their optical read-out. 

The aim of this paper is to evaluate the viability of solar panels for this purpose. The experimental framework 
resulting from measurements performed with suitably-designed solar cells and large conventional photovoltaic 
areas is presented. A discussion on the obtained and achievable sensitivities follows. 



1. INTRODUCTION 

The flux of Extremely High Energy Cosmic 
Rays (EHE CRs) is very low: > 10^^ eV) ~ 
0.5 km~^yr~^ sr~^ , and few hundreds of events 
have been recorded with energies above 10^^ eV 
jl) . Past and present experiments generally agree 
on the slope of the energy spectrum and on its 
absolute intensity below i? ~ 4 • 10^^ eV; how- 
ever, no firm conclusion can be drawn on the 
existence of events above the Greisen-Zatscpin- 
Kuz'min cut off in CR energy on anisotropy 
of the arrival directions and correlation with cos- 
mic point sources js) , and on CR composition . 

EHE cosmic rays are indirectly detected using 
several techniques: either through ground array 
experiments, which measure the lateral distribu- 
tion of electrons and muons in the extensive air 
shower (EAS) using scintillation counters or wa- 
ter Cherenkov tanks; or through experiments sen- 
sitive to the UV photons emitted by nitrogen flu- 
orescence generated in the atmosphere at the pas- 
sage of the shower particles. 

Cherenkov light is also produced in the atmo- 
sphere by the electrically charged particles in the 
shower; this flux pc has a broad spatial distribu- 



tion at sea level, with a lateral extent reaching 
several km away from the EAS core for very en- 
ergetic and inclined showers. Since pc roughly 
scales with CR energy, this light can be very in- 
tense: Pc — 10^" photons/m^ for 10^^ eV vertical 
CRs near the shower core |^ , as shown in Fig.|^. 
The Cherenkov photons reach sea level as a plane 
wave, in a front with a typical duration of tens of 
ns near the shower axis, and few /zs at several 
km from the core. The spectral distribution of 
the Cherenkov light at sea level ranges between 
300 nm and 1500 nm. 

The properties of the Cherenkov pulse suggest 
the possibility to observe in a different way the 
highest energy CRs by means of low-cost semi- 
conductor photodetectors, including solar pan- 
els p. Solar panels are composed of electri- 
cally connected solar cells, i.e. n-p junctions 
with a large surface area. Solar cells have a high 
quantum efficiency (QE), with a broad maximum 
between 600 nm and 1000 nm, well matching 
the Cherenkov spectral distribution at sea level 
i{QE)g ~ 0.55 0.60). The aim of this work is 
to experimentally investigate the viability of EHE 
cosmic rays observation using solar panels as air 
Cherenkov detectors. 
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Figure 1. Cherenkovflux pc (photons/m^) versus 
distance r from the shower core for different CR 
energies and zenith angles. 
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Figure 2. Block diagram of the experimen- 
tal setup used to evaluate the response of solar 
cells/panels to light pulses. 



2. EXPERIMENTAL SETUP 



a time duration of 100 ns < At < 1 jis. 

The photoelectric transient pulse produced by 
the cell/panel is decoupled from the continuous 
component through a capacitor or a pulse trans- 
former and fed into a preamplifier; the resulting 
signal is then digitized and recorded. 

Particular attention has been devoted to the 
evaluation of the luminous power emitted by the 
LEDs; for this purpose we used different method- 
ologies, both direct power measurements through 
large area calibrated sensors and measurements 
based on integrating spheres which are indepen- 
dent from light beam geometry. We have tested 
monocrystalline, polycrystalline and amorphous 
Silicon solar cells with different active areas (from 
4 cm? to 100 cm?), and their grouping in panels 
and rows of panels through series or parallel con- 
nections. Tests included both commercial prod- 
ucts and custom designed detectors in order to 
improve their transient response. 

The choice of the preamplifier to be used 
with solar cells/panels is a difficult task, and re- 
flects the unusual properties of these photode- 
tectors; both charge and voltage preamplifiers 
were tested. Charge preamplifiers are usually 
preferred with semiconductor detectors for their 
more stable voltage-to-charge gain, insensitive to 
the properties of the detector. However, they are 
typically designed for capacitive detectors in the 
pF to nF range, a condition which does not ap- 
ply to solar cells/panels. The net effect is that 
charge preamplifiers behave in a "non ideal" way. 
The ORTEC 142B charge preamplifier has shown 
to be a good candidate; a typical solar cell pulse 
obtained with this amplifier is shown in Fig.^. 



One of the main concerns is the evaluation of 
the response of single solar cells and panels to 
faint light pulses. Fig.|| shows a schematic dia- 
gram of the experimental setup used for this pur- 
pose. 

In order to simulate the Cherenkov pulses, 
we used LEDs with fast response {~ 15 ns) and 
good pulse-to-pulse reproducibility. Light fiashes 
are produced through a driver circuit which al- 
lows both pulse duration and pulse intensity con- 
trol. Suitable optical pulses were obtained, with 
10^ ^ 10^" photons emitted per pulse, spread over 



3. SIGNAL CONSIDERATIONS 

In general, the speed of response of a photo- 
diode is limited by the combination of three fac- 
tors: carrier diffusion to the junction; drift time 
through the depletion region; effect of the charge 
storage in the depletion region, which can be ex- 
pressed through the junction capacitance Cd- In 
the case of a solar cell, the main limitation is 
given by Cd, which is very high due to the low 
p-substrate resistivity and the large surface area. 
The cell may then be modelled as a photocurrent 
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Figure 3. (a) Typical solar cell response with an Figure 4. Pulse height versus number of photo- 

ORTEC 142B preamplifier to a Ai = 300 ns light electrons for a 78 cm? solar cell. The amplifier 

flash; (b) square pulse driving the LED emission. used is the ORTEC 142B. 



source in parallel to the junction capacitance; a 
cell shunt resistance Rd has also to be considered 
to take into account the high leakage currents . 

We have verified that solar cells/panels behave 
as capacitive detectors by means of the pulse 
shape analysis of the photoelectric voltage ob- 
served through different load resistances; pulse 
shapes typical of a resistive charging of a capaci- 
tance were obtained. 

3.1. Voltage-to-charge linearity and gain 

Fig.^ shows the linear relationship between the 
pulse height of the solar cell signal and the total 
photogenerated charge in the pulse, expressed as 
the number of photoelectrons (PEs). Signals in 
Fig.^ were obtained with different LEDs, varying 
intensities and pulse durations (100 ns < At < 
1 lis). From the slope of the linear fit we evalu- 
ated the voltage-to-charge gain. 

The measured voltage-to-charge ratio is de- 
pendent from Cd', moreover, it is lower by a fac- 
tor of 10^ 10'^ than what predicted by an ideal 
charge preamplifier, especially for the higher ca- 
pacitance detectors tested (see Tab.p. 

Since the quantum efficiency is very similar 
for different cells, the detector capacitance is the 



Table 1 

Cell area, cell capacitance Cd and measured gain 
for two cells of different areas and made from the 
same bulk material. The specified gain of the 
amplifier is 500 • lO'^ V/pC. 
Area (cm^) Cd (pF) Gain (10"^ V/pC) 
9 0.6 ±0.1 3.5 ±0.3 

96 6.1 ±1.4 0.7 ±0.2 



main factor of merit for signal amplitude consid- 
erations, and must be reduced as much as possi- 
ble. The use of higher resistivity substrates (even 
very large area PIN diodes) is a possible solu- 
tion to further lower Cd, thereby increasing the 
preamp gain. 

3.2. Solar cells grouping into modules 

An advantage of solar cells over other photode- 
tectors is that they can easily be connected to 
give 1 or more active area, thus collecting 
more Cherenkov light. As shown in Fig.^, we ob- 
served that a series connection of identical solar 
cells does not decrease the gain; then, increasing 
the number of series connected cells gives rise to 
a proportionally higher Cherenkov signal. 
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Figure 5. Voltage-to-charge gain for different 
electrical connections of identical cells. □: series 
connection; A: parallel connection. 



3.3. Effect of background light 

An important aspect concerning the duty cy- 
cle of solar panels as CR detectors is the gain 
degradation due to background light; in particu- 
lar, the photovoltaic forward voltage due to am- 
bient light increases the capacitance of the cells 
even further. Low impedance transformers allow 
to short out the DC photovoltaic voltage, and 
no significant signal degradation is observed even 
during daytime. This is not the case for solar pan- 
els working in open-circuit conditions, where the 
AC variation is obtained through a capacitive DC 
decoupler: gain degradation is observed even in 
dusk/dawn conditions (Fig.^. However, in both 
cases the solar panel sensitivity may decrease dur- 
ing daytime due to additional shot-noise. 

4. DETECTOR NOISE AND SENSITIV- 
ITY 

For noise evaluation purposes, the solar cell 
equivalent circuit described above must be ex- 
tended to include also series and parallel noise 
generators, which are dependent not only from 
the detector alone, but also from the preampli- 
fier and shaper characteristics. In particular, the 
Equivalent Noise Charge (ENC) is lower for low 
junction capacitance, high shunt resistance cells, 
low series noise preamplifiers and long shaping 
times S. Moreover, if the cell operates in the 
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Figure 6. Pulse height degradation due to back- 
ground light. Top: DC decoupling through ca- 
pacitance; bottom: DC decoupling through low 
impedance pulse transformer. 



photovoltaic mode (no reverse bias applied) and 
under limited background light, the shot-noise 
contribution to ENC may be neglected. For our 
10 X 10 cm? mono-Si cell and amplifier, we eval- 
uated ENCrms — 8 ■ 10^ e~, in good agreement 
with the observed value. 

Adding more series connected cells, RF pickup 
from the electrical connections in the panel be- 
comes progressively the main source of noise. The 
fact that RF noise increases with detector area 
was clearly verified from observations performed 
on the 30 m? rows of an experimental photo- 
voltaic plant operated by ENEA at Manfredo- 
nia (Italy). As single panels are used, proper RF 
shielding is obtained using Faraday cages; in this 
way, we do not observe any significant variation 
in ENC in increasing the number of series con- 
nected cells. 

FigJ^ shows the signal-to-noise ratio in dark 
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Table 2 

Two possible arrays for CR detection. 



A 



B 



Number of det. 
Dot. spacing 
Array config. 
Det. type 
Det. area 
Det. orientation 
Det. sensitivity 



16 256 
50 m 500 m 

rectangular grid 
mono-Si panel (36 series cells) 
0.35 
flat, horizontal 
3.6-10^ e- 
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Figure 7. Signal-to-noise ratio versus the number 
of PEs for three different solar panels. Q- 36 • 
96 cm^ mono-Si cells; □: 32-32 cm^ a-Si cells; 
A: 36-9 cm^ mono-Si cells. 



generated as primary protons with isotropic ar- 
rival directions and with energies according to the 
observed CR flux Knowing the Cherenkov 
flux reaching the detectors, the panels quantum 
efficiency weighted on the Cherenkov spectrum 
and the effective area of the detector seen by the 
Cherenkov wave plane, one can deduce the pho- 
togenerated charge in the detectors. 



conditions plotted versus the number of PEs, 
for three different panels. These are a mono- 
Si 0.35 module (Italsolar 36 MS-CE), an 
a-Si 0.10 module (Solarex SA-5), and a 
special mono-Si 0.032 module manufactured 
from EUROSOLARE to test smaller area cells. 
Considering a trigger threshold of 5cr, the PE 
sensitivity per unit area is ~ 10^ e~/m^, simi- 
lar for the three panels and comparable to the 
charge per unit area produced in the panels by 
the Cherenkov flux of 10^^ eV vertical CRs near 
the shower core (see Fig.^. 

5. SIMULATION OF CR DETECTION 
CAPABILITIES 

To give a quantitative idea of CR detection ca- 
pabilities of solar panel detectors, we have con- 
sidered both a small array for ^ 10^^ fO^^ eV 
CRs, and a larger one for the highest energy CRs. 
Their characteristics are given in Tab.|. 

The predictions are based on Cherenkov lat- 
eral and spectral distributions from a modified 
MOCCA code including Cherenkov light produc- 
tion and attenuation in atmosphere pi. CRs are 



5.1. Event rate and energy spectrum 

Fig.|| shows the event rate and the event en- 
ergy distribution for the two arrays of Tab.^, for 
different thresholds on the number of triggered 
detectors. Both arrays give ~ 1 event/day when 
three triggered detectors are required. This rate 
may decrease by a factor of 2 3 when meteoro- 
logical conditions and background light are taken 
into account. 

5.2. Sky coverage 

We also evaluated the solid angle of acceptance 
for the array B of Tab.^j. This array should give 
almost uniform sky coverage up to ~ 60°. For 
greater zenith angles very few CRs are observable 
with horizontal detectors, because of the lower 
Cherenkov flux, the smaller detector effective area 
and the higher reflectivity of the panels coating. 
It has been proposed to use several panels ori- 
ented towards different regions of the sky for each 
detector, in order to reconstruct the CR arrival 
direction even with no timing information [|l0|. 
In this way a complete sky coverage could also be 
obtained. 
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Figure 8. Energy spectrum of detectable CRs 
with the array A (top) and the array B (bottom) . 
The statistics refers to one year of simulated data- 
taking. The total number of events for different 
trigger conditions is also given. 



6. CONCLUSIONS 

The response of solar panels to light pulses 
was investigated both theoretically and experi- 
mentally. These devices show excellent quantum 
efficiency and linearity; satisfactory sensitivities 
have been reached (~ 10^ e^/m^). Optimization 
of solar panels for Cherenkov light detection is 
possible, but even commercial modules seem to 
be adequate. 

A Monte-Carlo study was performed in order to 
predict CR detection capabilities of possible ar- 
rays. The results indicate that the technique may 
be tested at - lO" eV energies, allowing an eval- 



uation of the accuracy in the reconstruction of 
shower parameters. In conclusion, cost-effective 
solar panels could be strong candidates for the 
detection of the EHE CRs. 
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